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The alloys of magnesium and cadmium are of great interest, since both metals have the same valency, and almost the same atomic volume, but the axial ratios of their close-packed hexagonal structures differ markedly, being 1-885(2) for cadmium, and 1-6237 for magnesium. The equilibrium diagram of the system has always attracted great interest, and very con flicting results have been obtained by different investigators. The earlier investigations led to the conclusion th a t the liquidus and solidus curves were very close together, and fell continuously from the melting point of magnesium to th a t of cadmium, so that, at the higher temperatures, a continuous solid solution was formed, which, a t low temperatures, under went a transformation in the region of 50 atomic % of cadmium, owing to the supposed existence of a compound MgCd. The work of Hume-Rothery and Rowell (1927) confirmed the existence of this transformation, and later work (Grube and Schiedt 1930; Dehlinger 1930; Riederer 1937) showed th a t this transformation corresponded to the formation of a superlattice based on the composition MgCd, and th a t a t low tem peratures two other super lattices, based on the compositions MgCd3 and Mg3Cd, were also formed. These low tem perature transformations were securely established, and all investigations indicated the existence of wide solid solutions in both magnesium and cadmium, but the remainder of the system has been in great dispute. According to Hum e-Rothery and Rowell, magnesium could hold approximately 60 atomic % of cadmium in solid solution, and cad mium could dissolve approximately 24 atomic % of magnesium, whilst, between these two solid solutions, a compound MgCd2 of fixed composition was formed by a peritectic reaction. Grube and Schiedt (1930) qualita tively confirmed the limits of the prim ary solid solutions, bu t not the existence of the compound MgCd2, and, apart from the superlattice tran s formations, their equilibrium diagram showed the two prim ary solid solutions separated by a two-phase region. Dehlinger (1930) stated th a t his X-ray investigations confirmed the diagram of Grube and Schiedt, but a careful examination of his powder photographs shows th a t they are really inconclusive, since, with varying compositions, lines appear and disappear in a way which is consistent with the existence of MgCd2. Riederer (1937) concluded th a t the diagram of Hume-Rothery and Rowell represented stable equilibrium, and th a t of Grube and Schiedt metastable equilibrium. Tfie present investigation has succeeded in explaining these apparent inconsistencies, and has also shown interesting relations between the two types of crystal structure, which may be interpreted in terms of the Brillouin zone theories.
M a t e r i a l s u s e d
The magnesium used in the present investigation was kindly presented by the National Physical Laboratory, and was of 99-95 % purity, the principal impurities being iron (0-03 %), silicon (0-01 %), and aluminium (0-01 %). The cadmium was spectroscopically pure, and was from two batches of metal kindly presented by the New Jersey Zinc Company and the National Smelting Company Ltd., respectively.
M ic r o s c o p ic i n v e s t i g a t i o n
The part of the diagram in dispute was in the region 60-80 atomic % of cadmium, and in the first part of the present work a series of thirteen alloys was prepared in the range 58-78 atomic % cadmium. These alloys were melted under flux, and cast into heavy copper moulds, so as to give cylindrical ingots | in. in diameter, which were a t once sealed in evacuated glass tubes, and annealed for 1 month at 310° C. The tubes were then cooled in a blast of air, since the experience of Hume-Rothery and Rowell suggested th a t quenching in water was responsible for the development of cracks. After this treatment, alloys 58 and 60,* on etching with dilute alcoholic nitric acid, showed large homogeneous crystals, and a similar structure was shown by alloys 76 and 78, the structure of these last two alloys being developed by mere exposure to the atmosphere. Alloys 62, 66, 67, 68, 70 and 71 were also attacked by the atmosphere, and their microstructures showed large homogeneous crystals with localized patches of a substance which a t first appeared grey upon a light background, but on further exposure underwent a colour reversal, and became the lighter constituent against a dark background. This substance existed mainly at the surface of the specimen, and in the vicinity of cracks, and was un doubtedly the supposed compound " MgCd2" of Hume-Rothery and Rowell, who explicitly noted the curious reversal of colour contrast. In spite of the long time of annealing, alloy 67 only showed relatively small amounts of this substance, in contrast to the results of Hume-Rothery and Rowell, who, with shorter times of annealing, obtained an almost complete conversion of their alloy 66*6 into the supposed compound MgCd2, which, however, always contained numerous cracks and holes. In order to examine the m atter further, a sample of alloy 67 was kept in an ordinary corked tube for 7 weeks, when microscopic examination showed th at the outside shell of the specimen had been completely con verted into the grey substance, although the inside was still unchanged. On standing for a further 6 weeks in a corked tube, the alloy completely crumbled to powder. In contrast to this, a specimen kept for 12 months in a sealed evacuated tube showed no change from the original microstructure. I t was further shown that, on annealing specimens which had been partly converted into the grey substance by exposure to air, the grey substance penetrated the alloy along grain boundaries, and also along cleavage planes, with the production of a W idmanstatten type of structure, similar to that illustrated by Hume-Rothery and Rowell. The phenomenon was examined in great detail with the conclusion th at the supposed com pound MgCd2 was formed to an increasingly smaller extent as the alloys were more stringently kept out of contact with air. To examine the m atter farther, a series of alloys in this range was cast in an atmosphere of argon, using a modification of the method of H um e-Rothery (1928) . These alloys were sealed in evacuated glass tubes w ith the minimum exposure to the atmosphere, and after annealing for 4 weeks a t 300° C were almost homo geneous, with only very occasional traces of the grey material.
The experiments described above show clearly th a t the supposed com pound MgCd2 is not an equilibrium constituent of the magnesium-cadmium system, but is formed only in alloys which have been attacked by the air. Hume-Rothery and Rowell's conclusion th a t the compound MgCc^ grew on annealing was presumably due partly to the penetration effect described above, and partly to the fact, th at, in general, as their annealing experi ments continued, they used specimens which had stood for longer periods in corked tubes, so th a t w hat was really the result of progressive attack by the air w'as mistaken for growth during the annealing process. The present experiments also show th a t X -ray investigations, using filings prepared in air, will almost certainly lead to erroneous conclusions in this part of the diagram, and Riederer's conclusion th a t MgCd2 was a true constituent of the stable system is readily understood, since the longer filings are annealed, the more the grey material will tend to penetrate the grains.* In the present work it was shown quite conclusively th a t alloys in the region of 67 atomic % cadmium are much more readily attacked by air than any other alloys in the system, and there is a striking resem blance between this phenomenon and th a t observed in the system nickelchromium, where the work of Jenkins et al. (1937) showed th a t needle markings i(Widmanstatten structure) appeared on annealing some alloys. This effect was traced to contamination by nitrogen and on annealing in air, an additional phase was produced most readily when the alloy contained one atom of nickel to two of chromium. The occurrence of a maximum rate of attack in each case a t the 2 : 1 atomic ratio appears most significant.
T h e l i q u i d u s a n d s o l i d u s c u r v e s a n d t h e a b s e n c e OF A TWO-PHASE REGION
The work described above showed clearly th a t the supposed compound MgCdg has no existence, but further annealing experiments with alloys cast in argon, and also with alloys cast under flux, but protected from atmospheric attack, failed to reveal any signs of the two-phase region required by the diagram of Grube and Schiedt. The alloys were examined * I t is interesting to n ote th a t R iederer's X -ra y work w ith filings w as n o t in agree m ent w ith his work on m assive m etal in this region.
in great detail after an annealing treatm ent of 4 weeks a t 300° C, and and 4 weeks at 200° C. The details of this work have been deposited with the Royal Society, and the conclusion reached was th at the comparatively wide two-phase region shown in the diagram of Grube and Schiedt did not exist. As this conclusion was quite unexpected, the liquidus and solidus curves were redetermined.
For the determination of the liquidus curves, the two metals were melted in crucibles lined with fluorspar and alumina, the weight used varying from 30 g. for the magnesium-rich alloys to 100 g. for the cad mium-rich alloys. The crucibles were heated in a closed glass tube filled with argon, and a covering of flux was used for alloys melting above 500° C in order to minimize loss by volatilization. The rate of cooling was from 0-7 to 1-4° C/min., and all the precautions described by HumeRothery and Raynor (1938) were taken. In one series of experiments the composition of the melt was determined by the analysis of a small sample extracted by suction through an alumina tube shortly before the arrest point. In another series, the tube was allowed to cool rapidly after the arrest was established, and the whole ingot dissolved for analysis. For the cadmium-rich alloys the compositions determined by analysis agreed so closely with those calculated from the weights of metals used th at it was thought justifiable to analyse some of the ingots only, and to use the synthetic compositions for the remainder.
The exact details of the liquidus determinations are in table 2 of the collected tables deposited with the Royal Society, and the results are shown in figure 1, which also summarizes the results of the annealing experiments. The liquidus curve is smooth and continuous, and there is no sign of irregularity in the region 60-80 atomic % cadmium as would be required by the diagram of Grube and Schiedt. No secondary arrests corresponding to a peritectic reaction were observed, and the liquidus curve is typical of a system with a continuous solid solution.* The solidus curve was determined by both quenching and heating-curve methods. For the quenching experiments, alloys melting below 450° C were cast in the argon apparatus, whilst the remaining alloys were melted under flux, and cast into | in. diameter copper moulds. The heating-curve alloys were melted under flux, and cast into | in. diameter iron moulds, the heating curves being carried out in closed tubes as described by HumeRothery and Raynor (1937) , at a heating rate of 0-6-1-00 C/min. All * The bend in the liquidus curve shown by Hume-Rothery and Rowell in the region of 70 atomic % cadmium was not confirmed, and may have been due to atmospheric contamination. alloys were made homogeneous by a long prelim inary anneal, before being used either for the heating-curve or quenching experiments. The exact details of the solidus experiments are given in table 3 of the tables deposited with the Royal Society, and the results are shown in figure 1, from which it will be seen th a t the solidus curve, like the liquidus curve, is smooth and continuous, and gives no indication of a two-phase region. For the magnesium-rich alloys, the present solidus curve is slightly lower than th at of Hume-Rothery and Rowell, but is in good agreement with values obtained by the extrapolation of the results of Haughton and Payne (1935) on ternary magnesium-aluminium-cadmium alloys.
The liquidus, solidus and microscopic work are therefore in complete agreement as to the absence of a two-phase region a t high temperatures, and, in view of the marked difference in the axial ratios of magnesium and cadmium, a complete investigation was made of the lattice-spacing relations.
X -R A Y INVESTIGATION OF THE SOLID ALLOYS
The results previously described clearly suggested th at a continuous series of solid solutions existed at the higher temperature. In view of the widely differing axial ratios of magnesium and cadmium this appeared rather improbable, and the problem was therefore examined by X-ray crystal analysis. Examination showed that, with quenched alloys, the superlattice transformations took place on keeping the alloys at room temperatures, and X-ray powder photographs were therefore taken at 310° C, using the high-temperature camera of Hume-Rothery and Reynolds (1938) . For this purpose the alloys were first annealed in lump form for 2-4 weeks a t 300-310° C, and filings were prepared in an atmosphere of argon, using the apparatus of Raynor and Hume-Rothery (1939) , by means of which the whole process of filing, sieving, and sealing into a silica capil lary is accomplished without exposure to the air a t any stage. The specimens were then annealed for periods up to 24 hr. in the high temperature camera, and subsequently exposed for 2-3 hr. using copper K a radiation. During the anneals and exposures the temperature was controlled by hand to an accuracy of ± 0-4° C, or by a Foster Temperature Controller to an accuracy of ± 1° C.
The resulting films were then measured accurately by means of a specially calibrated travelling microscope, and the lattice spacings deduced by the cos2 0 extrapolation method of Bradley and Jay (1932) . For the magne sium-rich alloys the outermost lines are in order (11.0)2, (12.4), (10.6), (20.5), and (12.3). Since the outermost line is of the form 0), its spacing is independent of the axial ratio, and since the (10.6) and (20.5) reflexions are very sensitive to changes in the axial ratio, a process of trial and error enables the latter to be obtained to a high degree of accuracy. For the magnesium-rich alloys the side of the unit cell, a, was determined to within +0-0002 A, and the axial ratio to within +0-0002.* W ith increasing cadmium content the results became less accurate, because the contraction in the lattice spacing causes the (11.0)2 line to move off the film, and a t the same time the alloys become increasingly nearer to the melting point. Experience has shown th a t in this, and other alloy systems, as the melting point is approached, the general X -ray scattering a t a given fraction of the absolute melting point is much more pronounced with solid solutions than with pure metals, so th a t the films cannot be measured so accurately. Thus, for alloys containing more th an about 65 atomic % cadmium, c/a is accurate to within 1 0-0005. At 310° C, alloy is within 10° C of its melting point, and for this alloy the accuracy is only + 0-0005 A for a, and + 0-001 for c/a. The results of these experiments are given in table 1 and figure 2, and are of considerable interest. The addition of cadmium to magnesium causes a contraction in the lattice spacing a but only a very slight increase in the Equilibrium and lattice-spacing in magnesium-cadmium 479 3-20 520 310 510 atomic percentage of cadmium F i g u r e 2 axial ratio ; so th at the lattice constant c decreases in almost the same proportion as a. In contrast to this, the addition of magnesium to cadmium causes an expansion of the lattice constant a, but at the same time the axial ratio decreases so markedly th a t the lattice spacing c contracts rapidly with increasing magnesium content, and each metal contracts the c spacing of the other. The two branches of the curves connecting a, c and c/a with composition for the magnesium and cadmium solid solutions approach one another rapidly but, instead of intersecting a t points, there is a very short horizontal section in each curve in the region 58*5-60*0 atomic % cadmium. The three alloys concerned were examined very carefully, and all were analysed, and as will be seen from table 1 the lattice spacings are identical. I t must be emphasized th a t the phenomenon is not th a t of two alloys of different structures or different lattice spacings existing in equilibrium over a range of compositions of the alloy as a whole, bu t is one in which the two solid solutions have merged into a structure of fixed lattice dimensions, which persist over a narrow range of composition. This effect appears to be quite new, and it is not possible to say whether a two-phase region exists. We have been able to examine microscopically the three alloys from which the X-ray specimens were prepared, and there was no indication of a two-phase structure, whilst the work previously described has shown th a t there is no indication of a peritectic horizontal, or of any discontinuity in the liquidus and solidus curves. Since the grain sizes of those three alloys were all large, the evidence on the whole favours the view th a t no two-phase region exists, but, as pointed out by Bradley (1938) , it is doubtful whether any methods would distinguish between phases of identical lattice spacing and almost identical composition.
D i s c u s s i o n
The previous sections have shown why the diagram of Hume-Rothery and Rowell was in error. In the work of Grube and Schiedt the specimens were annealed and cooled to room temperature, and, after this treatm ent, the electrical conductivities were measured while the rods were heated a t a rate of 1° C/min. Our own work shows th a t the superlattice transformations take place when the alloys are kept a t room temperature, and examination of the curves of Grube and Schiedt makes it clear th a t in some cases their rate of heating was too rapid for equilibrium to be reached, and this may account for the breaks in their conductivity/composition curves which led to the erroneous conclusion of a two-phase region.
The chief interest in the present work lies in the curious lattice-spacing relationships, and for these interpretations may be offered from two points of view, each representing part of the truth.* We may adopt first the Brillouin zone theory of Mott and Jones (1936) , according to which the energy characteristics of electrons in a close-packed hexagonal crystal depend to a great extent on the axial ratio. From this point of view we shall regard the lattice-spacing relationships as due to two factors: (1) a normal size effect, resulting in a contraction of the lattice as the smaller cadmium atoms replace the larger magnesium atoms, and (2) an electronic effect, superimposed on the normal size effect.
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The first Brillouin zone of the close-packed hexagonal structure is shown in figure 3 , and, within this zone, the energy of an electron varies con tinuously in all directions. There is a discontinuity across each of the bounding planes, but the calculations of Jones (1934) indicate th at the energy discontinuity for electrons moving in certain directions vanishes along certain edges, such as PQ and so that the smallest volume in &-space surrounded everywhere by an energy discontinuity for electrons with velocities in all directions is that enclosed by the original figure with the addition, on each of the A faces, of a small truncated prism. This com plete zone, surrounded everywhere by an energy discontinuity, contains exactly two electrons per atom. Since magnesium and cadmium are con ductors of electricity, there must be an overlap into a second zone, and two types of overlap have to be considered:
(1) Overlap from the incomplete first zone across the faces A into the small truncated prisms. This will be termed the A overlap.
(2) Overlap from the complete first zone into a second outer zone. M ott and Jones (1936) have shown th a t this may occur either a t B ( figure 6 a) , or a t the re-entrant corners (points Q) in figure 66. These may be term ed the B and Q overlaps respectively.
The calculations of Mott and Jones show th a t for magnesium, with axial ratio 1-6237, the A overlaps take place first, followed by the Q over laps, but with two electrons per atom there is no overlap a t B, and the N(E) curve is of the form shown in figure 4 , where the shaded portion represents two electrons per atom. For cadmium, with axial ratio 1-885, the first overlap occurs a t B, followed by the A overlap, but with two electrons per atom there is no overlap a t Q, and the resulting curve is of the form shown in figure 5 . In both figures 4 and 5, the N(E) curve for the Q overlap, after the vertically rising initial portion has been passed, rises more steeply away from the energy axis than th a t for the B overlaps, because the overlaps a t Q concern electrons moving with velocities in six directions, whereas the overlap a t B concerns electrons moving with velocities in only two directions (Hume-Rothery and Raynor 1938) . Jones (1934) has shown th at the effect of a small overlap outside the boundary of a zone is to compress the Brillouin zone in &-space, and hence to expand the crystal in the direction concerned in real space.
Referring to figures 4 and 5, it will be seen th at the passage from magnesium to cadmium changes the overlaps from the order AQB to BAQ, and we have to consider how this will affect the lattice spacings. The change may be divided into the stages shown in figure 6. In the stage (1)-(2), B approaches Q, and since there are two electrons per atom B must reach the shaded zone before Q. The formulae of Mott and Jone3 show th at the total number of electrons overlapping from the first incom plete zone is only slightly affected by the axial ratio, and hence in stage (l)-(2) the electronic change affects mainly the number of electrons in the A and Q zones, and since both these concern electrons with velocities at right angles to the principal axis, there will be relatively little effect on the axial ratio, and both the a and c parameters will show the normal conEquilibrium and latticespacing in magnesium-cadmium 483 E Figure 6 traction. In stage (2)-(3) the B overlap begins, and, if the Jones theory is accepted, this overlap will tend to expand the lattice in the c direction, and the normal contraction in this direction will now be opposed by the expansion produced by the increasing B overlap. As will be seen from figure 2 , this is what has been observed experimentally. At the end of stage (2)- (3), B and Q coincide, as shown in figure 6(c), and it is here that 3 1 -2 interesting effects may be expected in passing through the next stage (2)-(4). Exact details cannot be given until the curves are known more accurately, but since the Q curve rises more steeply th an the B curve, the relative movement of B to the left, and Q to the right, will result in th e removal of more electrons from the Q overlap th an are introduced a t the B overlap, and these excess electrons will have to be accommodated in th e A zone, and in the first zone. Since the presence of electrons in the A zone produces an expansion of the a param eter, the normal contraction of both a and c parameters may be opposed by electronic effects in this range, in which case the increase in axial ratio will be less marked. Finally, in the last stage (4)- (5), where the Q overlap no longer occurs, the B overlap grows and the A overlap diminishes, w ith the result th a t the c param eter expands, whilst the a param eter diminishes more rapidly th a n a t first. The zone theory, therefore, when combined w ith a general size effect, enables us to predict th a t the addition of cadmium to magnesium will result first in a general contraction without much alteration of axial ratio, and th a t this will be followed by an increase in axial ratio, an interval in which effects may compensate each other, and then a final range in which the axial ratio increases markedly, and the a param eter diminishes more rapidly. This is in good agreement with the facts.
The Brillouin zone theory considers the electrons as moving in a periodic field, and takes no account of the nature of the ions, or the distribution of the electron cloud in space. I t is well known from the work of Jauncey and Bruce (1937) and M cNatt (1939) th a t in zinc and cadmium the electron clouds of the atoms are anisotropic (spheroidal), although in certain alloys they are spherical. In view of the strongly polarizing nature of magnesium we should therefore regard the solution of cadmium in magnesium as involving the attraction of the electrons out of the aniso tropic cadmium configuration, so th a t the cadmium atom s dissolve as spheres, with little effect on the axial ratio of magnesium. W ith increasing cadmium content there is an increasing tendency for the cadmium-like configuration to be taken up, since adjacent cadmium atoms become more common. From figure 2 it will be seen th a t w ith increasing cadmium content, the break in the curves occurs a t the composition 58*2 atomic % cadmium, i.e. 7 cadmium atoms out of 12 (100x^= 58*3). In a survey of other alloys (Hume-Rothery, R aynor and Reynolds 1939) it has been shown th a t there is much indirect evidence for the existence of shortrange order in concentrated solid solutions. I f we accept this point o f view, we can understand the tendency for the solid solution to assume a cadmium-like nature when there are 7 cadmium atoms to 5 magnesium atoms, since in the close-packed structure each atom has 12 neighbours, and when ^2 °f the total number of atoms are of cadmium, a structure involving short-range order will enable the great majority of cadmium atoms to have more neighbours of cadmium than of magnesium. From this point of view we can therefore understand the position of the break in the curve, and the short region of constant lattice spacing is also com prehensible, since, when ordered structures are involved, lattice spacings are often anomalous. The complete theory must clearly involve both the zone characteristics, and the electron density in space, and it is satisfactory to note th at both conceptions agree with the facts.
S u m m a r y
The equilibrium diagram of the system magnesium-cadmium has been investigated by thermal, microscopic and X-ray methods. The liquidus and solidus curves pass smoothly from the melting point of magnesium to th at of cadmium, with no indication of a discontinuity characteristic of a peritectic reaction. Microscopic methods show no indication of a two-phase region above the temperatures of the superlattice transformations. The supposed compound MgCd2 of Hume-Rothery and Rowell is not a true constituent of the system magnesium-cadmium, but is an oxide-nitride complex formed when the alloys are exposed to the atmosphere. I t is formed most readily when the composition of the alloy corresponds with the formula MgCd2; a somewhat similar effect has been noted in the system nickel-chromium. The two-phase region claimed by Grube and Schiedt is not confirmed.
The lattice spacings of a complete series of alloys at 310° C have been measured with a high-temperature X-ray camera. The first additions of cadmium to magnesium cause a contraction of the a param eter of the unit cell, but have little effect on the axial ratio, so th a t the c param eter con tracts in almost the same proportion. W ith further additions of cadmium the axial ratio increases slightly. The addition of magnesium to cadmium causes an expansion of the a parameter, but, a t the same time, the axial ratio decreases so markedly th a t the c param eter diminishes, so th a t each metal decreases the c param eter of the other. A stage is then reached a t which the solid solutions derived from magnesium and cadmium acquire identical lattice spacings which persist unchanged over a narrow range of compositions. These effects are discussed, and are shown to be in agree ment with the Brillouin zone theory developed by Jones.
